Serotonin (5-hydroxytryptamine, 5-HT) contributes in multifarious ways to the regulation of brain function, spanning key aspects such as the sleep-wake cycle, appetite, mood and mental health. The 5-HT receptors comprise seven receptor families (5-HT 1-7 ) that are further subdivided into 14 receptor subtypes. The role of the 5-HT receptor in the modulation of neuronal excitability has been well documented. Recently, however, it has become apparent that the 5-HT 4 receptor may contribute significantly to cognition and regulates less ostensible aspects of brain function: it engages in metaplastic regulation of synaptic responsiveness in key brain structures such as the hippocampus, thereby specifically promoting persistent forms of synaptic plasticity, and influences the direction of change in synaptic strength in selected hippocampal subfields. This highly specific neuromodulatory control by the 5-HT 4 receptor may in turn explain the reported role for this receptor in hippocampus-dependent cognition.
Introduction
Serotonin (5-hydroxytryptamine, 5-HT) is one of the most studied neurotransmitters, due to its involvement in general physiological functions such as sleep and pain, but also because serotonin is connected to human diseases such as depression, schizophrenia and obsessive compulsive disorders (Filip & Bader, 2009; Martinowich & Lu, 2008; Nordquist & Oreland, 2010) . Furthermore, 5-HT 4 receptors may also play a role in Alzheimer's disease (AD) as it has been shown that 5-HT 4 receptor expression is reduced in patients that suffer from AD and activation of these receptors inhibits biochemical cascades that lead to AD (Nirogi et al., 2015; Ramirez, Lai, Tordera, & Francis, 2014; Tesseur et al., 2013; Wong, Reynolds, Bonhaus, Hsu, & Eglen, 1996) .
All 5-HT receptors are expressed within the hippocampus (Berumen, Rodríguez, Miledi, & García-Alcocer, 2012) . The limbic system and thereby, also the hippocampus are major targets of serotonergic projections (Hensler, 2006) . Of the eighteen 5-HT receptors currently identified, it has emerged that particularly the 5-HT 4 receptor plays an important and differentiated role in processes related to learning and memory (Bockaert, Claeysen, Compan, & Dumuis, 2004; Buhot, Martin, & Segu, 2000; Kemp & Manahan-Vaughan, 2005; Lamirault & Simon, 2001; Twarkowski, Hagena, & Manahan-Vaughan, 2016 ) that in turn critically depend on information processing at the level of the hippocampus.
5-HT 4 receptors are localized post-synaptically within the hippocampus (Vilaró, Cortés, & Mengod, 2005; Vilaró et al., 1996; Waeber, Sebben, Nieoullon, Bockaert, & Dumuis, 1994) . Activation of 5-HT 4 -receptors results in increased neuronal excitability that is mediated by activation of adenylate cyclase (Eglen, Wong, Dumuis, & Bockaert, 1995) . This leads to an increase of protein kinase A (PKA) and cyclic adenosine monophosphate (cAMP) levels and the inhibition of K (Src: sarcoma), that leads to the activation of extracellular signalregulated kinase (ERK) (Barthet et al., 2007) . ERK in turn is critically involved in hippocampal synaptic plasticity, most specifically in long-term depression (LTD) of synaptic efficacy (Norman, Thiels, Barrionuevo, & Klann, 2000; Thiels & Klann, 2001) . 5-HT 4 receptor activation also stimulates hippocampal expression of plasticity/ learning-related proteins such as BDNF, AKT, CREB expression, as well as neurogenesis in the dentate gyrus (Pascual-Brazo et al., 2011) .
In addition to direct effects on neuronal function, 5-HT 4 receptors indirectly influence neuronal activity through modulation of the release of different neurotransmitters, such as caminobutyric acid (GABA) (Bijak & Misgeld, 1997) , acetylcholine (ACh) (Consolo, Arnaboldi, Giorgi, Russi, & Ladinsky, 1994; Matsumoto et al., 2001; Mohler et al., 2007; Siniscalchi, Badini, Beani, & Bianchi, 1999; Yamaguchi, Suzuki, & Yamamoto, 1997) or dopamine (DA) (Steward et al., 2012; Bockaert, Claeysen, Compan, & Dumuis, 2008; Bockaert et al., 2004) .
This high degree of neurotransmitter regulation and action on diverse signalling cascades, as well as on plasticity/learningrelated proteins is likely to confer the 5-HT 4 receptor with its particular capacity to regulate cognition and learning. In this review we will examine this possibility from the perspective of the hippocampus, and most particularly with regard to synaptic plasticity.
5-HT 4 receptors are involved in cognitive diseases
5-HT 4 receptors are implicated in diseases that involve impairments of cognitive functions, such as depression-related disorders (Porter, Gallagher, Thompson, & Young, 2003) or AD (Madsen et al., 2011; Morris et al., 2001 ), whereby cognitive impairments in these diseases are accompanied by a downregulation of 5-HT 4 receptors (Reynolds et al., 1995; Tsang et al., 2010; Wong et al., 1996) . Furthermore, treatment with 5-HT 4 receptor agonists alleviates symptoms associated with depression (Mendez-David et al., 2014; Samuels et al., 2016) and at the same time improves cognitive deficits in AD (Claeysen, Bockaert, & Giannoni, 2015; Giannoni et al., 2013; Werner & Coveñas, 2016; Wilkinson, Windfeld, & ColdingJørgensen, 2014) .
But how might 5-HT 4 receptor activation counteract the negative symptoms that occur in diseases such as AD? Amyloid-beta (Ab) peptides accumulate in the brain of AD patients and are believed to contribute importantly to the pathophysiology of the disease (Selkoe & Hardy, 2016) . Ab is generated by the cleavage of amyloid precursor protein (APP) by b-and c-secretases (De Strooper, Vassar, & Golde, 2010; Turner, O'Connor, Tate, & Abraham, 2003; Wolfe, De Los Angeles, Miller, Xia, & Selkoe, 1999) . Another pathway emanating from APP, termed the nonamyloidogenic pathway, leads to the creation of the extracellular soluble fragment of APP (sAPPɑ) and impedes the generation of Ab through activation of ɑ-and c-secretases (Postina et al., 2004) . Whereas Ab has been associated with the negative effects of AD, sAPPɑ has been shown to have neurotrophic and neuroprotective, as well as positive cognitive, effects. Interestingly, activation of 5-HT 4 receptors is important in promoting the necessary steps resulting in the cleavage of APP and the subsequent release of sAPPɑ (Cachard-Chastel et al., 2007; Cho & Hu, 2007; Lezoualc'h, 2007) . This may thus comprise the means whereby 5-HT 4 receptor activation ameliorates AD symptoms. Furthermore, in AD, a reduction in cholinergic function is a major cause of cognitive deficits (Pákáski & Kálmán, 2008) . Thus, activation of 5-HT 4 receptors may improve cognitive symptoms through their known ability to boost ACh release (Bijak & Misgeld, 1997) , and thus compensate, to some extent, for deficits in cholinergic transmission in AD.
3. The role of 5-HT 4 receptors in hippocampus-dependent cognition and learning behavior At the level of cognition, numerous studies on 5-HT 4 receptors have revealed an intrinsic role for this receptor in a large variety of behavioral learning tasks. Tables 1 and 2 show the very distinctive effects of either activation or inhibition of 5-HT 4 receptors on hippocampus-dependent tasks, respectively King, Marsden, & Fone, 2008) . Most strikingly, 5-HT 4 receptors play an important role in hippocampus-dependent learning and memory (Buhot, 1997; Buhot, Malleret, & Segu, 1999; Kemp & Manahan-Vaughan, 2004; King et al., 2008; Kulla & ManahanVaughan, 2002) such that activation of 5-HT 4 receptors supports enhancing effects in cognitive functions (Kemp & ManahanVaughan, 2005; Lamirault & Simon, 2001; Lelong, Dauphin, & Boulouard, 2001; Marchetti et al., 2004) . Moreover, 5-HT 4 receptors have been proposed as neuronal markers for learning and memory: active cognitive processing results in increased expression of 5-HT 4 receptors in the corresponding brain regions (Manuel-Apolinar et al., 2005; Meneses, 2015) . Furthermore, hip- Hille, Bate, Davis, and Gonzalez (2008) pocampal 5-HT 4 receptor expression levels in humans correlate with memory performance (Haahr et al., 2013) . Given the role of these receptors in cognition, it is perhaps not surprising that activation of 5-HT 4 receptors ameliorates cognitive impairments: In one study, animals that showed impaired learning (mediated by treatment with muscarinic ACh receptorantagonists) in a linear maze task, or in a spatial water maze task, exhibited normal cognitive behavior when a 5-HT 4 receptor agonist was co-administered (Fontana, Daniels, Wong, Clark, & Eglen, 1997; Moser et al., 2002) . Interestingly, 5-HT 4 receptor agonists enhance place and object recognition in young animals when intraperitoneal agonist infusion (1 mg/kg) occurs before the acquisition phase (Lamirault & Simon, 2001 ). This property changes with age, however: in old animals, injection of the agonist at the same dose that was effective in young animals, failed to improve performance. By contrast, treatment with a higher concentration prior to the acquisition phase improved place and object recognition. Furthermore, object recognition was improved when the agonist was applied in the consolidation phase, suggesting that 5-HT 4 receptor activation impacts upon information processing differently, relative to the stages of rodent maturation and development (Lamirault & Simon, 2001) , and indicating that the receptor may modulate both acquisition and consolidation components of object-place memory. Other studies in aging rodents have revealed further routes through which 5-HT 4 receptors support memory: reference memory declines with aging, but this loss can be reversed by treatment with 5-HT 4 receptor agonists (Marchetti et al., 2011) . In line with this, it has been shown that in naïve animals (animals that have not undergone a learning experience), 5-HT 4 receptor activation results in dendritic spine growth (Restivo et al., 2008) which is positively related to short-and long-term synaptic plasticity (Kasai, Fukuda, Watanabe, Hayashi-Takagi, & Noguchi, 2010; Lang et al., 2004; Nägerl, Eberhorn, Cambridge, & Bonhoeffer, 2004; Okamoto, Nagai, Miyawaki, & Hayashi, 2004) . These effects may be supported by 5-HT 4 receptor-mediated hippocampal neurogenesis and stimulation of BDNF expression (Pascual-Brazo et al., 2011) . In line with this, BDNF is not only associated with the synthesis of proteins required for long-term plasticity (Park & Poo, 2013) , it is required for both very long-lasting (>24 h) hippocampal synaptic plasticity, as well as long-term spatial and context-dependent memory in behaving animals (Aarse, Herlitze, & Manahan-Vaughan, 2015) . In brain slice studies, it was also shown that manipulations of BDNF signalling, or genetic knock-down of BDNF lead to significant deficits of hippocampal LTP (Chen, Kolbeck, Barde, Bonhoeffer, & Kossel, 1999; Korte, Kang, Bonhoeffer, & Schuman, 1998; Korte et al., 1995; Patterson et al., 2001; Pozzo-Miller et al., 1999) and LTD (Novkovic, Mittmann, & Manahan-Vaughan, 2015) .
Although the focus of this article is placed on the hippocampus, it is important to point out that the positive effects of 5-HT 4 receptors on memory are not restricted to hippocampus-dependent tasks: in a social olfactory memory test, injection of a 5-HT 4 Darcet, Gardier, David, and Guilloux (2016) Object recognition RS67333 Injection in young adult rats before acquisition phase improves place and object recognition In old rats, injection before acquisition improves place recognition and object recognition is improved when injected before and after acquisition Pre-training injection increased acquisition of conditioned response Post-training injection decreased consolidation of learning Meneses and Hong (1997) Spatial alternation task
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Improves performance in a delayed spontaneous alternation task but not in a standard (no-delay) alternation task Mohler et al. (2007) Spatial learning RS 67333 Prevents learning-facilitated LTD in CA1 and habituation of a novel holeboard Kemp and Manahan-Vaughan (2004) Prevents learning-induced depotentiation after holeboard exploration in CA1 Kemp and Manahan-Vaughan (2005) receptor agonist immediately after the first presentation of an unfamiliar juvenile rat to an adult rat, improved short-term memory such that the adult rat recognized the juvenile even after a 2 h delay. This memory-enhancing effect was counteracted by intraperitoneal injection of a 5-HT 4 receptor antagonist (Letty et al., 1997) . Taken together, these studies suggest an important involvement of 5-HT 4 receptors in hippocampus (and extrahippocampus) dependent learning and memory tasks, whereby activation of 5-HT 4 receptors exerts a beneficial effect on learning processes.
4. 5-HT 4 receptors engage in differentiated regulation of forms of hippocampal synaptic plasticity
At the cellular and molecular levels, long-term hippocampusdependent memory is very likely to be enabled by persistent (>24 h) forms of synaptic plasticity, namely long-term potentiation, (LTP) (Kemp & Manahan-Vaughan, 2004; Lynch & Baudry, 2015; Lynch, Rex, & Gall, 2007; Malenka & Bear, 2004; Nabavi et al., 2014; Whitlock, Heynen, Shuler, & Bear, 2006) and longterm depression (LTD) (Etkin et al., 2006; Goh & ManahanVaughan, 2013a; Kemp & Manahan-Vaughan, 2004; ManahanVaughan & Braunewell, 1999) .
One of the first studies that examined the participation of 5-HT 4 receptors in persistent LTP and LTD, in freely behaving rodents, revealed that the same agonist of 5-HT 4 receptors (RS67333), given under exactly the same conditions to rats, has no impact on LTP (>24 h), suppresses depotentiation and prevents LTD (>24 h) in the CA1 region (Kemp & Manahan-Vaughan, 2005) . This provoked the interesting possibility that activation of 5-HT 4 receptors skews information encoding towards processes that require and recruit LTP. To scrutinize this possibility, the authors examined what would happen if they pharmacologically activated or antagonized the receptors during afferent stimulation patterns that lie within the range of hm (Bienenstock, Cooper, & Munro, 1982; Dudek & Bear, 1993) , or more precisely: h À and h + (Artola & Singer, 1993) .
These comprise afferent stimulation frequencies that elicit postsynaptic activity without ostensible and/or lasting changes in synaptic strength. In other words, the resultant postsynaptic depolarization is either immediately subthreshold for the successful induction of LTD (i.e. h À ) or immediately subthreshold for the induction of LTP (i.e. hm/h À ) (Fig. 1) . h + (typically involving afferent stimulation frequencies of 10-50 Hz) is particularly interesting because it reflects a crossing-over point between afferent frequencies that lead to LTD and afferent frequencies that lead to LTP. Strikingly, although 10 Hz afferent stimulation resulted in no significant change in synaptic strength, the same stimulation given in the presence of a 5-HT 4 receptor antagonist resulted in LTD, and in the presence of a 5-HT 4 receptor agonist led to synaptic potentiation (Kemp & Manahan-Vaughan, 2005) (Fig. 1) . The CA1 region is the output structure of the hippocampus, and impacting on synaptic information storage in this way will undoubtedly exert considerable knock-on effects on information storage in the cortex (Kesner, Lee, & Gilbert, 2004; Laroche, Davis, & Jay, 2000; Laroche, Jay, & Thierry, 1990; Moreno, Morris, & Canals, 2016; Simons & Spiers, 2003; Wang & Cai, 2006) .
Other synapses and substructures of the hippocampus respond in slightly different ways to 5-HT 4 receptor modulation. At the level of the dentate gyrus, receptor antagonism prolongs LTD and has no effect on LTP, whereas receptor activation prevents LTD and curtails LTP (Twarkowski et al., 2016) but also prevents depotentiation (Kulla & Manahan-Vaughan, 2002) in behaving rats (Fig. 2) . This suggests that whereas, in the dentate gyrus, LTP is promoted at the expense of LTD, LTP is also constrained within a physiological range via activation of 5-HT 4 receptors.
At mossy fiber synapses of the CA3 region, agonist activation of the receptors prevents both LTD and LTP in behaving rats (Twarkowski et al., 2016) (Fig. 2) , indicating that under conditions where 5-HT 4 receptors are activated, long-term information storage (LTP/LTD) at CA3 synapses is prevented, whereas information storage by means of LTP is promoted at both CA1 (Kemp & Manahan-Vaughan, 2005) and dentate gyrus (Kulla & ManahanVaughan, 2002; Twarkowski et al., 2016) synapses. The possible implications, of this differentiated regulation of LTP and LTD, for information processing within the hippocampal circuitry will be discussed in Section 6.
5-HT 4 receptors also modulate forms of synaptic plasticity that are tightly linked to learning
Before discussing the implications of 5-HT 4 receptor regulation of synaptic plasticity for information processing and storage within the hippocampus, one further aspect of 5-HT 4 receptor-mediated control of synaptic plasticity should not be neglected. A variety of studies that have been conducted within the last 15 years or so, have provided valuable insight into the role of LTP and LTD in the creation of long-term hippocampus-dependent memories. Evidence has accumulated that LTP is triggered by contextual or associative fear experiences on the one hand (Kemp & Manahan- (Bienenstock et al., 1982) and Artola, Bröcher, Singer (ABS) (Artola & Singer, 1993) sliding threshold models of experience-dependent synaptic modifications, studies in freely behaving Wistar rats reveal that a minimum of 1 Hz stimulation (900 pulses) is needed to generate LTD that lasts over 24 h (Manahan-Vaughan, 1997) . Fewer pulses at 1 Hz elicit short-term depression (Manahan-Vaughan, 2000) . Raising afferent frequencies to 2 Hz, 3 Hz or 5 Hz elicits depression of successively shorter durations (Manahan-Vaughan, 2000) whereas 10 Hz stimulation elicits no significant change in synaptic weight (Kemp & Manahan-Vaughan, 2005) , corresponding to h À . Schaffer collateral afferent stimulation frequencies in the range of 100 Hz elicits robust LTP that lasts for over 24 h in behaving rats (ManahanVaughan, 1997) . Stimulation at 200 Hz also generates LTP in anesthetized (Holscher, McGlinchey, Anwyl, & Rowan, 1997) and behaving (Qi et al., 2014) Wistar rats. Neuromodulation may shift h À or h + to the left or right, reflecting changes in the frequency-dependency of LTD and LTP. Red dotted line: Pharmacological activation of 5-HT 4 receptors completely prevents LTD in freely behaving rats (Kemp & Manahan-Vaughan, 2005 ) and shifts h + to the left whereby LTP is induced at afferent frequencies that are normally ineffective in eliciting a change in synaptic strength. Blue dotted line: Pharmacological antagonism of 5-HT 4 receptors shifts h + to the right thus enabling LTD induction. Vaughan, 2004; Lynch & Baudry, 2015; Lynch et al., 2007; Malenka & Bear, 2004; Nabavi et al., 2014; Whitlock et al., 2006) , and by novel exposure to new space and/or global changes in space, on the other hand (Hagena & Manahan-Vaughan, 2011; Kemp & Manahan-Vaughan, 2004 Straube, Korz, & Frey, 2003) . Indeed, the enabling of input-specific LTP by novel spatial experience is a property shared by the synapses of the trisynaptic circuitry and has been recorded at Schaffer collateral-CA1 (Kemp & Manahan-Vaughan, 2004) , mossy fiber-CA3 and commissural/ associational-CA3 (Hagena & Manahan-Vaughan, 2011) , as well as perforant path-dentate gyrus synapses (Kemp & ManahanVaughan, 2008 ) of freely behaving rats. In contrast to learning processes that facilitate LTP, the induction of LTD that lasts for days in vivo, is coupled to the encoding and updating of novel spatial content, (Goh & Manahan-Vaughan, 2013b; Manahan-Vaughan & Braunewell, 1999) even in an environment that (prior to the inclusion of salient content) previously facilitated the expression of robust LTP (Kemp & ManahanVaughan, 2004 ). The precise composition of the spatial content influences LTD expression in a subfield-dependent manner: large distal navigational features, in novel or changed configurations, promote LTD at dentate gyrus (Kemp & Manahan-Vaughan, 2008) and mossy fiber-CA3 synapses (Hagena & Manahan-Vaughan, 2011) , whereas small and subtle, proximal cues promote LTD in CA1 (Manahan-Vaughan & Braunewell, 1999) and commissural/ associational-CA3 (Hagena & Manahan-Vaughan, 2011) synapses. This suggests that LTP and LTD play very distinct roles that are related to the encoding of very specific aspects of spatial and associative experiences.
Strikingly, the 5-HT 4 receptor exerts a potent regulation of both forms of learning-facilitated plasticity. In the CA1 region of behaving rats, agonist activation of 5-HT 4 receptors prevents learningfacilitated LTD along with the spatial learning that was associated with the robust prolongation of LTD (Kemp & Manahan-Vaughan, 2004) . Activation of the receptors also prevents learning-induced depotentiation of LTP in the CA1 region (Kemp & ManahanVaughan, 2005) . Here, as in the cases described in Section 3, we see a pattern emerging whereby activation of 5-HT 4 receptors drives the direction of change in synaptic strength towards information encoding that requires LTP. These data also suggest that the kinds of memories that may be encoded by LTP may be prioritized (above LTD-related memories) under conditions where hippocampal 5-HT 4 receptors are activated.
The subfield-specific effects of 5-HT 4 receptor activation on LTP and LTD may relate in part to differences in receptor expression, or receptor isoform distribution. In the hippocampus, (ManuelApolinar et al., 2005) reported that 5-HT 4 receptor expression varies in the different subregions. This could be expected to impact upon the degree of change in neuronal excitability that is known to be mediated by receptor activation (Mlinar, Mascalchi, Mannaioni, Morini, & Corradetti, 2006) . Multiple isoforms of the receptor have been identified both in rat (Vilaró et al., 2005) and human brain (Mnie-Filali & Piñeyro, 2012) . In the hippocampus, the relative distribution of mRNA for the 5-HT 4 (a) and 5-HT 4 (e) splice variants was reported as being similar in the dentate gyrus and CA regions, but 5-HT 4 (b) mRNA expression was stronger in the dentate gyrus than in the CA regions (Vilaró et al., 2005) . The same authors also reported a high density of 5-HT 4 receptors in the Stratum lucidum of the CA3 region, which could explain why receptor activation so potently affected both mossy fiber LTP and mossy fiber LTD in this structure (Twarkowski et al., 2016) .
Consequences of the specific control by 5-HT 4 receptors of hippocampal LTD and LTP
The fine-tuning of synaptic plasticity within the hippocampal subfields based on the nature of the spatial or associative learning experience (as described in Section 4) may be directly related to the roles the different subfields play in information processing. On a functional level, the dentate gyrus has been shown to be engaged in spatial pattern separation (Kesner et al., 2004) , whereas the CA3 region is important for pattern completion and short-term memory (Kesner et al., 2004) , and may also be implicated in episodic memory related to contextual fear (Daumas, Halley, & Lassalle, 2004; Lee, Rao, & Knierim, 2004) . The CA1 region is thought to integrate this information (Hasselmo, 1997; Kumaran & Maguire, 2007; Lisman & Grace, 2005; Schlichting, Zeithamova, & Preston, 2014; Vinogradova, 2001) as well as perform pattern separation on a temporal scale (Kesner, 2013) .
Activation of hippocampal 5-HT 4 receptors may therefore contribute to the promotion of pattern separation processes in the dentate gyrus and CA1 subfields, whilst suppressing information encoding related to pattern completion in the CA3 region. Given reports that 5-HT 4 receptor activation supports specific forms of cognition (see Section 3), the possibility arises that the finetuning of synaptic plasticity by 5-HT 4 receptors may support optimal and appropriate synaptic information storage of the most salient aspects of spatial and associative experiences. Moreover, a balanced relationship between LTP and LTD may contribute to the effectivity of pattern separation and pattern completion. This is of importance, as an imbalance of these latter processes may result in cognitive impairments (Hanson & Madison, 2010) .
Another important consideration is that the effective synaptic storage of information can be expected to depend on the constraining of the degree of LTP and LTD to physiological ranges. Excessive or insufficient synaptic plasticity prevents learning and memory formation (Barnes et al., 1994; Goh & Manahan-Vaughan, 2012 , 2013a Kemp & Manahan-Vaughan, 2007 (Kemp & Manahan-Vaughan, 2004; Kulla & Manahan-Vaughan, 2002; Twarkowski et al., 2016) . LTP (that usually lasts for at least 4 h) is unaltered in the CA1 region (Kemp & Manahan-Vaughan, 2004 ) and the dentate gyrus (DG) (Twarkowski et al., 2016) but is significantly impaired at mossy fiber-CA3 synapses (Twarkowski et al., 2016) . Furthermore, depotentiation is prevented in the CA1 region (Kemp & Manahan-Vaughan, 2005 ) and the dentate gyrus (Kulla & Manahan-Vaughan, 2002; Twarkowski et al., 2016) . Red arrows: impairment, grey circle: no change.
In general, pre-training activation of 5-HT 4 receptors results in an enhanced ability to learn (Buhot, 1997; Letty et al., 1997; Meneses & Hong, 1997) , whereas post-training injection of 5-HT 4 agonists impairs memory consolidation (Meneses & Hong, 1997) . Interestingly, although 5-HT 4 receptor activation 2 h after induction of LTP or LTD has no impact on 'established' plasticity in mossy fiber synapses, and does not affect LTD in the dentate gyrus, it appears to gently accelerate the reversion of LTP towards prepotentiation levels (Twarkowski et al., 2016) . This may comprise one of the mechanisms through which post-training activation of 5-HT 4 receptors impairs memory consolidation. These behavioral experiments suggest that the time-point of activation or inactivation of 5-HT 4 receptors is critical for positive or negative effects on memory performance and highlights the significance of these receptors for the targeted modulation of different components of memory. As an aside: though many studies have shown that activation of 5-HT 4 receptors enhances cognitive performance, the loss of 5-HT 4 receptors in knock-out mice revealed no deficit in learning and memory. The authors attributed this effect to adaptive changes in the cholinergic system which compensated for the absence of 5-HT 4 receptors and enabled the maintenance of long-term memory (Segu et al., 2010) .
Taken together, 5-HT 4 receptors exert a very specific regulation of synaptic plasticity within the different hippocampal subfields. Promoting LTP in CA1 and the DG through a directed suppression of information encoding by means of LTD, along with the support of the triggering of CA1 LTP at stimulation frequencies that normally do not result in persistent synaptic responses, suggests that 5-HT 4 receptor activation during a learning experience would result in a bias towards the recording of experience that relates to encoding by LTP. Based on current knowledge, this may encompass memories for associative fear memory (Whitlock et al., 2006) or specific aspects of spatial memory (Kemp & Manahan-Vaughan, 2004 , 2007 .
Conclusion
In the last two decades, it has become apparent that 5-HT 4 receptors play an important role in modulating learning and memory processes. We propose that this role is tightly related to the ability of 5-HT 4 receptors to influence the direction of change in synaptic strength in the hippocampus with distinct effects mediated by the different subfields. Most particularly, activation of 5-HT 4 receptors may promote the encoding of specific information through LTP at the expense of information encoding through LTD in the DG and CA1. This can be expected to have an impact on the both the content, and possibly the longevity of recorded experiences. Furthermore, 5-HT 4 receptor activation suppresses both LTP and LTD in the CA3 region. This is a very interesting property given the putative role of thus substructure for information processing at the level of pattern completion and working memory (Kesner et al., 2004) , and may support these processes by favouring elements of short-term memory processing.
Taken together these observations suggest that 5-HT 4 receptors contribute importantly to the nature and content of spatial representations. This property has, to date, not been observed for any other modulatory neurotransmitter receptor that is known to contribute to hippocampus-dependent learning and memory: antagonists of noradrenergic and dopaminergic neurotransmitter receptors that are known to play a critical role in hippocampal function, result in an equivalent inhibitory regulation of both LTP and LTD in the different hippocampal subfields (Hagena, Hansen, & Manahan-Vaughan, 2016; Hansen & Manahan-Vaughan, 2014) . These properties place the 5-HT 4 receptor in a unique position for the directed regulation and modulation of hippocampal synaptic information processing and cognition.
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